Abstract Inhomogeneous microtexture evolution during the cold drawing process usually results in lean, sway, or sweep failure. The <111> longitudinal fiber texture has higher stiffness than the <100> texture and its proportion and distribution in the cross-section are critical for the bonding stability of fine gold wire. We investigated the inhomogeneous microtexture evolution of gold wire that was cold drawn through an asymmetric diamond die. In this study, the distributions of the <111> and <100> textures in a 20 μm diameter fine gold wire are the variables and their effects on the bonding stability of the wire were estimated by electron backscattered diffraction (EBSD) and finite element method (FEM) simulations. The use of a focused ion beam apparatus enabled a high quality of band contrast of the EBSD to be achieved in the exact half cross-sectional area of the fine gold wire. The detailed three-dimensional FEM results show that the asymmetric distribution of the textures plays a crucial role in increasing the spatial displacement of the gold bonding wire.
Introduction
Recently, gold bonding wire has been extensively used for the fabrication of integrated circuits (ICs) because of its good electrical conductivity and mechanical stability with a diameter of 20 μm or less [1] [2] [3] . To advance the miniaturization of electronic packages, the process of creating gold bonding wire less than ∼20 μm in diameter has been performed by repeated cold drawing through diamond dies until the desired diameter is achieved. Repeated cold drawing affects the microstructure of the gold bonding wires, which leads to an inhomogeneous texture due to the asymmetric deformation caused by the imbalanced contact with the dies. From this perspective, it is crucial to investigate the proper drawing conditions through several steps, which enable the fine gold bonding wire to provide a reliable interconnection and bonding stability in an electronic package. There have been many reports on the formation of undesirable intermetallic compounds between the bonding wire and metal pad, since they decrease the electric conductivity and durability [4] [5] [6] . The residual stress after cold drawing has also attracted attention in industry because it can reduce the mechanical properties of the wire, such as its yield strength and ultimate tensile strength [7, 8] . However, there have not been any microstructure or texture studies that dealt with the bonding stability until now. In this sense, our study focused on the microstructure and texture distribution of cold drawing gold bonding wire to reveal the inhomogeneity of the bonding stability in a microtextural way.
As regards the texture features in cold drawn gold bonding wire investigated using electron backscattered diffraction (EBSD) analysis, the <100> and <111> textures are observed with dominant crystal directions along the wire drawing direction [9] [10] [11] [12] . In general, the <100> and <111> textures are located at the center and between the surface and center of the gold wire, respectively. Furthermore, the relative fraction of <100> and <111> textures is known to be controlled by the stacking fault energy of the materials and corresponding processes such as drawing (volume fraction of <100> decreases and <111> increases) and annealing (<100> grains grow into <111> grains during heat treatment) [3, 11, 13, 14] .
When we consider that every single step in the reduction of the wire diameter is related to the shear deformation of the wire, which rotates the crystal directions from <100> to <111>, and that this shear deformation is caused by the contact with the diamond dies, it is clear that the dies play an important role in the symmetric or asymmetric texture evolution of the drawn wires. The inhomogeneity of shear deformation in the drawn wire results not only in a decrease of its draw ability, but also in a decrease of its physical properties, such as its electrical conductivity, current density, and mechanical properties [14] [15] [16] . In this research, the possible inhomogeneous deformation of fine gold drawn wire is analyzed in terms of the texture distribution using EBSD and the bonding stability of the drawn wire is investigated using FEM.
Experimental procedures
EBSD samples of gold wire were prepared by focused ion beam (FIB) milling. An FEI NOVA200 dual-beam system was used for the preparation of the gold wire samples. Sample preparation through FIB milling results in highquality EBSD band contrast [17, 18] . The ion source is liquid Ga metal and ion milling currents ranging from 50 pA to 3 nA and a constant accelerating voltage of 30 kV were used for the gold wire milling. In this research, it is also important to achieve the exact half cross-sectional area of the drawn wire to define the symmetric wire deformation. By FIB milling, it is possible to obtain the exact half cross-sectional area of the drawn wire, which enables one to analyze the symmetric or asymmetric texture distributions during the drawing process. An HR-EBSD system (JEOL 6500 F with INCA/OXFORD EBSD system) was used for the measurement of the texture distribution of the gold wire. An accelerating voltage of 20 kV and probe current of 4 nA were used for this measurement.
The manner in which the asymmetric texture of the drawn gold wire affects its bonding stability is proven by FEM analysis. ABAQUS 6.9 and CATIA V5 software were used for this FEM research. The CPS4 (two-dimensional) and C3D8 (three-dimensional) element types were used in this process to investigate the arched shape problem of the gold bonding wire.
It has already been reported that gold wire has mechanical property anisotropy because it has a different Young's modulus depending on the crystal direction [19, 20] . The Young's modulus of each orientation is calculated based on the following equation.
where, E ijk is the Young's modulus in the [ijk] direction; l i1 , l j2 , and l k3 are the direction cosines of the directional [ijk]; and S 11 , S 12 , and S 44 are the elastic constants of an isotropic material given by
where, E is the Young's modulus, υ is the Poisson ratio, and G the shear modulus [21] . From the above equations, it is confirmed that each crystal direction has a different Young's modulus. In the case of gold, the <111>, <110>, and <100> crystal directions show Young's moduli of 116.28, 81.47, and 42.91 GPa, respectively. The stress-strain curve of 20 μm diameter gold wire is achieved for the purpose of applying its mechanical properties to FEM analysis. Table 1 compares the mechanical properties of the bulk gold to the fine gold wire. The reported yield stress and ultimate tensile strength of bulk gold are 205 and 120 MPa, respectively, but can be affected by the history and heat treatment. The remarkable differences in the mechanical properties of these two materials are due to the work hardening of the fine gold wire caused by the numerous cold drawing treatments and the increase of the proportion of <111> texture in the fine drawing wire [1, 22, 23] . 
Results and discussion
After the gold wire is bonded, it can be seen that each wire has a different bonding shape and leans toward the other wires as shown in Fig. 1a , b. This nonstraightness problem has not been studied until now and the reason for this problem is also not known yet exactly. The drawing dies and microtexture distribution of the cold drawn gold wire is observed in an attempt to solve this problem.
As the bonding wire is formed by continuous cold drawing, its asymmetric deformation caused by the drawing dies is more or less effective depending on how the die and wire contact each other. Even if the wire has an inhomogeneous deformation resulting from the asymmetric dies, the inhomogeneity of the drawn wire can be increased or decreased by the subsequent drawing process. This can explain the locally observed arched bonding wire in Fig. 1 . We should also consider that the asymmetric deformation in the drawn wire can occur not only leftward and rightward, but also forward and backward in the bonding wire. Figure 1a , b show the straight and arched bonding wires and the schematics of the corresponding drawing process with dies. In Fig. 1b , the unexpected connection between the bonding wires causes a short-circuit problem and this leads to IC chip failure, which means the failure of the device. We observed the SEM images of the drawing dies as the bonding wire is drawn through them to find the reason for the straightness problem of the bonding wire. Figure 1c shows the SEM images of the drawing dies. It can be seen that the drawing die is damaged around the hole area during the wire drawing process. However, the drawing wire diameter reduction area does not have the shape of a perfect circle and it is not centered on the hole. This observation tells us that there is a possibility for the asymmetrical deformation of the gold wire to occur. Asymmetric rolling is used to deliver enough sheer strain to the whole volume of the object and reduce the pressure during rolling, however it can also cause an asymmetric texture distribution since the texture evolution in the cold drawn wire is highly related to the sheer deformation [24, 25] .
A two-dimensional element type FEM simulation is used to quantify the relationship between the asymmetric shape of the die and displacement of the wire centerline and the <100> fiber center line. Figures 2a and b show the simplified schematics of the symmetric and asymmetric drawing processes. The gold wire model in this FEM study is assumed to have a diameter of 20 μm and be filled with 25% of <100> fiber in the center area and <111> fiber in the remaining area for the sake of simplicity. The volume fraction of <111> and <100> fiber is based on our EBSD study. The drawing die is designed to have a reduction ratio of 6% and reduction angle of 6°. The previously calculated mechanical properties of the <111> and <100> fibers of gold wire are applied in this model. It is assumed that the asymmetric dies have a spatial displacement compared to the symmetric dies. The spatial displacement between the symmetric dies and asymmetric dies is represented as a function of the displacement of the die. The spatial displacement of the wire center lines after drawing and the <100> center line are represented as a function of d 100 /d w . In Fig. 2b , even though the <100> center line also shows a spatial displacement after drawing according to our FEM study, it is represented as a straight line for the sake of providing easily perceptible schematics.
In Fig. 2c , the curve of d 100 /d w versus the displacement of the die is shown. As the displacement of the die increases, d 100 /d w increases as well. The curve generally shows linear behavior and makes it plain that the asymmetric shape of the dies affects the deformation tendency and results in the asymmetric deformation of the drawn wire. Considering that ultrafine gold wire is achieved by a large number of cold drawing processes, it is expected that ultrafine gold wire with an inhomogeneous microstructure can be produced in this way.
As shown in Fig. 3a, b , an EBSD analysis is performed to define the microstructure and differences of the texture distribution in the wires. Two samples of wire, one straight Figure 3a shows an FIB ion image and EBSD rolling direction (RD) map of the corresponding area in the straight wire. It is observed that most of the area in the center of the wire is filled with the RD//<100> texture and that the RD//<111> texture is mainly located on the surface area of the gold wire, as expected. It can also be observed that the gold wire has a symmetric texture distribution, which means that the gold wire has been subjected to symmetric deformation, as the RD//<100> fibers are replaced by RD//<111> ones during cold drawing [3] .
In Fig. 3b , however, the problem we are interested in is that the RD//<100> texture in the arched wire is not located at the exact center of the wire. It is observed that the <100> direction is not located in the exact center of the wire and that the value of d 100 /d w is approximately 0.6. As shown in our FEM results, the RD//<100> texture, which is not located in the exact center of the drawn wire, indicates that the drawn gold wire underwent asymmetric deformation while being drawn through the drawing dies.
Three-dimensional FEM models are applied to analyze this arched wire problem and the simulation models used in this research are shown in Fig. 4a . We assumed that the drawn gold wire is simply composed of two crystal directions, <100> and <111>, even though there are some other mixed crystal directions at the wire surface. The location of the <100> direction in each model is represented by d 100 /d w and has approximate values of 0.6, 0.7, 0.8, and 0.9 in the four models, respectively. The diameter of the <100> direction area is It is expected that the deformation shapes of the tensioned gold wire are different depending on the location of the <100> direction in the wire. In this FEM research, it is assumed that the bottoms of the wires are fixed, as the gold bonding wires are bonded to a metal pad. The tensile forces are applied to the upper side of each bonding wire in the FEM models [26] . Based on the location of the <100> direction, four models are determined and the same forces are applied to each. As shown in Fig. 4a , the location of the <100> direction in the four models is represented by d 100 /d w and have approximate values of 0.6, 0.7, 0.8, and 0.9, respectively. Figure 4b shows the contour of spatial displacement in the x direction of the nodes in each model. All of the models in Fig. 4b correspond to those in Fig. 4a . The wire models adopted in our FEM study are assumed to have a length of 120 μm to reduce the computational cost, even though the actual bonding wires have a length of more than 1 mm [27] . The dotted line in the models indicates the location of the <100> direction in the bonding wire models. All of the models show that the deformations caused by the tensile force are asymmetric and the right sides of the bonding wire models have more deformation than the left sides. The difference in the Young's modulus between the <111> and <100> directions is one reason for the asymmetric deformation of the bonding wire models. In general, the value of the Young's modulus indicates the stiffness and resistance to permanent deformation. In this regard, the simulated FEM models in Fig. 4b shows that the deformation caused by the bonding force is focused on the area where the <100> directions are located. Thus, the degree of d 100 /d w texture affects the asymmetric deformation of the bonding wire. The model with d 100 /d w =0.6 shows a maximum spatial displacement of −3.37 E−5 in the x direction at the end of the wire. However, this spatial displacement value is based on the FEM models that have a wire length of 120 μm. As mentioned above, the bonding wire used in the devices has a length of more than 1 mm and this indicates that the actual bonding wire could have a greater spatial displacement at a specific point as the length of the wire increases. The results in Fig. 4b showing the concentration of the spatial displacement toward the end of the wire also confirms this hypothesis.
It is obvious that the bonding wires lean toward the left side because the <100> direction is located on the right side of the bonding wire models. In the case of the model with d 100 /d w =0.9, its <100> direction is located almost at the surface of the gold bonding wire, and it shows a maximum spatial displacement of −1.85 E −4 μm in the x direction, which is almost one order of magnitude higher than the value of d 100 /d w =0.6. In Fig. 4c , the curve of maximum node displacement in the x direction shown in Fig. 4b (ratio to d 100 /d w =0.5) versus d 100 /d w is shown. In our FEM study, the node displacement of the x direction is considered, because x is the most unfavorable direction from the point of view of the bonding stability and mechanical durability of the IC. As already shown in Fig. 4b , when moving away from the center of the wires in the <100> direction, the bonding wires lean more to the opposite side of the <100> direction. All of the models in the FEM study show that the maximum node displacement is proportional to the value of d 100 /d w and this means that the higher the value of d 100 /d w , the more the gold wire leans against the other gold bonding wires. Even in the case of d 100 /d w showing a value of 0.6, the node displacement in the x direction indicates the fivefold amount of d 100 / d w =0.5, which may be responsible for the severe leaning problem shown in Fig. 1b . What is more, this spatial displacement ratio of d 100 /d w is expected to have a higher value depending on the length of the bonding wire. When the value of d 100 /d w goes to 0.9, the maximum node displacement is exponentially increased, and this happens because the location of the <100> direction is extremely close to the surface of the gold bonding wire and this reduces the binding force from the interfaces that work to prevent the wire from leaning in the opposite direction.
Conclusions
In this research, we analyzed how the bonding wire straightness problem occur using EBSD and FEM analysis. By observing the SEM images of the wire dies, it can be seen that the dies have asymmetrical shapes near the wire reduction area. Asymmetrical dies lead to asymmetrical deformation of the bonding wire as confirmed by EBSD analysis. Considering that the RD//<100> rotates to the RD//<111> during the gold wire drawing process, it is thought that the gold wire undergoes asymmetrical deformation in the drawing process. We calculated the Young's modulus of each orientation and applied these to the FEM analysis. The positional deviation of the <100> texture from the center line of the wire is indicated by the d 100 /d w value. The results show that as d 100 /d w changes from 0.5 (<100> at the center) to 0.9 (<100> at the surface of the wire), the maximum amount of spatial displacement is exponentially increased, because the Young's moduli of the <111> and <100> orientations were found to be 116.28 and 42.91 GPa, respectively.
